Abstract. it is known that endoplasmic reticulum (eR) stress is provoked under diabetic conditions and is possibly involved in the development of insulin resistance. in this study, using eR stress-activated indicator (eRai) transgenic mice which express green fluorescent protein under ER stress conditions, we directly evaluated the effects of a diabetic agent pioglitazone on in vivo eR stress under diabetic conditions. in high fat and high sucrose diet-induced diabetic eRai transgenic mice, 8 weeks of pioglitazone treatment reduced the accumulation of fat droplets in the liver and attenuated the development of insulin resistance. In the liver of the ERAI transgenic mice, ERAI fluorescence activity was clearly reduced as early as after 4 weeks of pioglitazone treatment, preceding the improvement of insulin resistance. in addition, after the pioglitazone treatment, serum free fatty acid and triglyceride levels were decreased, and serum adiponectin levels were increased. these data indicate that pioglitazone treatment suppresses eR stress in the liver which may explain, at least in part, the pharmacological effects of pioglitazone to reduce insulin resistance. 
The endoplAsmic reTiculum (eR) is an organelle that synthesizes various secretory and membrane proteins. under normal conditions, these proteins are correctly folded and assembled by chaperones in the eR, but under stressful conditions, the chaperones become overloaded and the eR fails to fold newly synthesized proteins, leading to the induction of eR stress [1] [2] [3] [4] [5] . eR stress can be provoked by accumulation of unfolded and misfolded proteins that aggregate in the eR lumen which occurs under a variety of pathophysiological conditions [6] [7] [8] [9] . to maintain eR function, cells activate a self-protective mechanism to survive eR stress conditions, which is known as unfolded protein response (uPR) . this response consists of three different mechanisms: translational attenuation to limit further accumulation of unfolded proteins, transcriptional activation of genes encoding molecular chaperones, and eR-associated degradation (eRad). When these adaptive responses are not sufficient to relive cells from eR stress, cells undergo apoptosis to destroy the eR stress-damaged cells themselves. type 2 diabetes mellitus is a complex disease characterized by insulin resistance and insufficient insulin secretion [10, 11] . Recently, various studies have shown that eR stress plays a crucial role in the development of insulin resistance and the pathogenesis of type 2 diabetes [12] [13] [14] [15] [16] [17] [18] [19] . X-box-binding protein-1 (XBP-1) is a key transcription factor in the eR stress a frameshift of the fusion mRna, and translation of the spliced mRna continues up to the stop codon of venus. thereby, under diabetic conditions, a fusion protein of XBP-1 and venus is produced in cells and can be detected by monitoring the fluorescence activity of venus. in this study, the eRai transgenic mice were randomized into two groups at 4 weeks of age: high fat and high sucrose (hF/hs) diet with and without 0.02% pioglitazone groups (approximately 20mg/ kg/day), and kept under controlled lighting conditions (12 h light and 12 h dark). Pioglitazone was kindly provided by takeda chemical institutes co., Ltd., (osaka, japan). the experimental protocol was approved by the ethics Review committee for animal experimentation of osaka university Graduate school of medicine.
Glucose tolerance tests
after an overnight fast, mice were injected intraperitoneally with glucose (2.0 g/kg body weight). Blood samples were taken at various time points (0-120 min), and blood glucose levels were measured regularly with a portable glucose meter (Glu-test sensor; sanwa, osaka, japan) after tail snipping.
Measurement of serum insulin levels
Blood samples were collected into heparinized capillary tubes, and serum insulin levels were determined with the insulin-eLisa Kit/mouse ultra sensitive (morinaga Biochemicals).
Insulin tolerance tests
after a 3-h fast, mice were injected intraperitoneally with insulin (1.0 units/kg). Blood samples were taken at various time points (0-90 min), and blood glucose levels were measured regularly with a portable glucose meter after tail snipping.
Observation of tissues
eRai transgenic mice were injected with sodium pentobarbital (nembutal: 10 mg/kg, i.p.), and various tissues were removed from the mice. tissue samples were immersed in 4% (wt/vol) buffered paraformaldehyde (PFa) for 16 h and then in 10%, 20%, and 30% sucrose for 8 h each at 4 °C. To confirm ERAI fluoresponse through its transcriptional regulation of various genes, including molecular chaperones, and it was reported that mice deficient in XBP-1 develop insulin resistance [16] . also, we recently found that eR stress is provoked in the liver at relatively early stage during the development of insulin resistance [20] . in addition, it was reported that oxygen-regulated protein 150 (oRP150), a molecular chaperone in the eR, protects cells from eR stress and that oRP150 overexpression improves insulin resistance and ameliorates glucose intolerance in diabetic animals [17, 18] . these results suggest that eR stress is involved in the development of insulin resistance found in type 2 diabetes. in addition, it has recently been reported that induction of eR stress leads to the activation of the c-jun n-terminal kinase (jnK) pathway which is also closely associated with the development of insulin resistance [21] [22] [23] [24] [25] .
Pioglitazone is a ligand for the peroxisome proliferator-activated receptor γ (PPAR γ) which is a member of the nuclear receptor superfamily of ligand-regulated transcription factors and is implicated in a variety of physiological and pathological process including insulin resistance and type 2 diabetes [26] [27] [28] [29] [30] [31] [32] . also, pioglitazone has been widely used as an insulin sensitizer in a clinical medicine. in the present study, to examine whether pioglitazone suppresses eR stress in the liver, we directly monitored in vivo eR stress using the eR stress-activated indicator (eRai) transgenic mice.
subjects and methods

ER stress-activated indicator (ERAI) transgenic mice
to examine whether pioglitazone suppresses eR stress in the liver, we used eRai transgenic mice carrying the XBP-1-delta-dBd-venus expression gene [33] . it is noted here that XBP-1 is a key transcription factor in the eR stress response through its transcriptional regulation of various genes, including molecular chaperones. in these transgenic mice, the gene encoding venus, a variant of green fluorescent protein, is fused as a reporter downstream of a partial sequence of human XBP-1 including the eR stress-specific intron. Under normal conditions, mRNA of the fusion gene is not spliced and its translation is terminated at the stop codon near the junction between the XBP-1 and venus genes. in contrast, under eR stress conditions, the intron is spliced out, which leads to results and discussion
Pioglitazone treatment reduces high fat and high sucrose (HF/HS) diet-induced insulin resistance in ER stress-activated indicator (ERAI) transgenic mice.
to directly evaluate the effects of pioglitazone on eR stress in the liver under diabetic conditions with insulin resistance, we treated eRai transgenic mice with a hF/hs diet which is well known to induce insulin resistance. since eRai transgenic mice express green fluorescent protein (GFP) under ER stress conditions, we evaluated eR stress levels in vivo after pioglitazone treatment in hF/hs diet-induced diabetic eRai transgenic mice.
as shown in Fig.1a , there was no difference in body weight of hF/hs diet-induced diabetic eRai transgenic mice between with and without pioglitazone treatment. First, to examine the effects of pioglitazone treatment on glucose tolerance in hF/hs diet-induced diabetic eRai transgenic mice, we performed an intraperitoneal glucose tolerance test (iPGtt). as shown in Fig.  1B , after 4 weeks of pioglitazone treatment, glucose tolerance was almost same as that without pioglitazone treatment. after 8 weeks of pioglitazone treatment, however, glucose tolerance was moderately ameliorated compared to that without pioglitazone treatment. in addition, as shown in Fig. 1c , after pioglitazone treatment, fasting serum insulin levels were lower compared to those without pioglitazone treatment, although it did not reach a statistical significance.
next, to evaluate the effects of pioglitazone on insulin resistance in hF/hs diet-induced diabetic eRai transgenic mice, we performed an intraperitoneal insulin tolerance test (iPitt). as shown in Fig. 1d , after 4 weeks of pioglitazone treatment, blood glucose levels after insulin load were almost same as those without pioglitazone treatment. after 8 weeks of pioglitazone treatment, however, the reduction of blood glucose levels after insulin load was significantly larger compared to that without pioglitazone. these results indicate that 8 weeks of pioglitazone treatment actually reduced insulin resistance in hF/hs diet-induced diabetic eRai transgenic mice. in addition, to examine the effects of pioglitazone treatment on gluconeogenesis, we evaluated the expression level of key gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PePcK) in the liver by western blot analysis but failed to detect the difference in PePcK rescence activity in tissue samples, representative tissue sample segments were embedded in frozen section media (OCT medium, Tissue-Tek), sectioned (5 μm) and observed with a fluorescent microscope model nikon eclipse 80 i; then pictures were taken with the nikon act-1 ver. 2.63.
Western blot analysis
whole cell extracts obtained from the liver were fractionated by 10% sds-PaGe and transferred to nitrocellulose membrane (Bio-Rad Laboratories, inc.). after blocking, the membranes were incubated at 4 o c overnight in tBs buffer (50 mm tris-hcl, 150 mm nacl) containing a 1:1000 dilution of rabbit antiBip (GRP78) antibody (santa cruz Biotechnology), 1:1000 dilution of mouse anti-KdeL antibody (stress Gene), or 1:1000 dilution of rabbit anti-PePcK antibody (santa cruz Biotechnology), and then incubated for 1 h at room temperature in tBs containing a hRPconjugated secondary antibody (Bio-Rad Laboratories, inc.). immunoreactive bands were visualized by incubation with LumiGLo (cell signaling) and exposed to light-sensitive film.
Measurement of serum free fatty acid (FFA), triglyceride (TG), and adiponectin levels
serum FFa and tG levels were assayed by enzymatic methods (sRL co., Ltd., tokyo, japan), and serum adiponectin levels were measured with a mouse adiponectin enzyme-linked immunosorbent assay kit (otsuka Pharmaceutical co., Ltd., tokyo, japan).
Measurement of TG content in the liver
after addition of 2 m nacl / 2 mm edta / 50 mm sodium phosphate buffer, ph 7.4, liver samples were sonicated for 1-2 min and centrifuged at 12,000 rpm for 5 min. the amounts of liver tG were measured using a 'tG-en Kainos' kit (Kainos, tokyo, japan).
Statistical analysis
Results are expressed as means±se. differences between groups were examined for statistical significance using the student's t test or analysis of variance with the Fisher's test. *p<0.05 in Fig. 2a , after 4 weeks of hF/hs diet treatment, there was no clear morphological difference in the liver of the transgenic mice between with and without pioglitazone treatment. after 8 weeks of hF/hs diet treatment, the liver was vacuolized due to accumulation of fat droplets, whereas such a change was markedly reduced by pioglitazone treatment. moreover, triglyceride content in the liver after 8 weeks of pioglitazone treatment was lower compared to that without pioglitazone treatment (32.6±2.6 v.s. 50.9±9.7 mg/g tissue).
expression levels between the two groups (data not shown).
Pioglitazone treatment reduces the accumulation of fat droplets in the liver and the size of adipocytes in HF/ HS diet-induced diabetic ERAI transgenic mice.
to investigate the morphological change in the liver by pioglitazone, we performed hematoxylin and eosin (he) staining after pioglitazone treatment. as shown Fig. 2 . effects of pioglitazone treatment on hF/hs diet-induced morphological changes in the liver and fat of eRai transgenic mice.
(A) hematoxylin and eosin (he) staining was performed after pioglitazone treatment in hF/hs diet-induced diabetic eRai transgenic mice. after 4 weeks of hF/hs diet treatment, there is no clear morphological difference in the liver of the transgenic mice between with and without pioglitazone treatment. after 8 weeks of hF/hs diet treatment, the liver is vacuolized due to accumulation of fat droplets, whereas such a change is clearly reduced by pioglitazone treatment. (B) smaller adipocytes are observed after pioglitazone treatment compared to those without pioglitazone treatment in hF/hs diet-induced diabetic eRai transgenic mice.
transgenic mice. As shown in Fig. 3A , ERAI fluorescence activity was clearly observed in the liver after 4 weeks of HF/HS diet treatment, and stronger ERAI fluorescence activity was observed after 8 weeks of hF/ HS diet treatment. In contrast, ERAI fluorescence activity was markedly reduced in the liver as early as after 4 weeks of pioglitazone treatment. even after 8 weeks of HF/HS diet treatment, ERAI fluorescence activity was markedly reduced in the liver by pioglitazone treatment. There was no difference in ERAI fluorescence activity in the liver between 4 and 8 weeks of pioglitazone treatment. next, to confirm whether this ERAI fluorescence activity of this model correctly next, to investigate the morphological change in the fat by pioglitazone, we performed he staining after pioglitazone treatment. as shown in Fig. 2B , in he staining, smaller adipocytes were observed after pioglitazone treatment compared to those without pioglitazone treatment.
Pioglitazone treatment suppresses HF/HS diet induced-ER stress in the liver of ERAI transgenic mice.
to examine whether pioglitazone suppresses eR stress in the liver, we directly monitored in vivo eR stress using the hF/hs diet-induced diabetic eRai (A) ERAI fluorescence activity is clearly observed in the liver of ERAI transgenic mice after 4 weeks of HF/HS diet treatment, and stronger ERAI fluorescence activity is observed after 8 weeks of HF/HS diet treatment. In contrast, ERAI fluorescence activity is markedly reduced in the liver as early as after 4 weeks of pioglitazone treatment. even after 8 weeks of hF/hs diet treatment, ERAI fluorescence activity is markedly reduced in the liver by pioglitazone treatment.
(B) KedL and Bip/GPR78 expression, both of which are well known as eR stress markers, were clearly detected in the liver after 4 and 8 weeks of hF/hs diet treatment. in contrast, after 4 and 8 weeks of pioglitazone treatment, levels of KedL and Bip/GPR78 expression were reduced compared to those without pioglitazone treatment.
results suggest that pioglitazone treatment improves insulin resistance, at least in part, by reducing eR stress.
Pioglitazone treatment decreases serum FFA and triglyceride levels and increases serum adiponectin levels in HF/HS diet-treated ERAI transgenic mice.
to examine the effects of pioglitazone on lipid metabolism, we measured serum lipid profiles such as serum FFa and triglyceride levels and serum adiponectin levels in hF/hs diet-induced diabetic eRai transgenic mice with and without pioglitazone treatment. as shown in Fig. 4a and 4B, serum levels of reflects the ER stress status, we examined expression levels of several eR stress markers by western blot analysis. as shown in Fig. 3B , KedL and Bip/GPR78 expression, both of which are well known as eR stress markers, were clearly detected in the liver after 4 and 8 weeks of hF/hs diet treatment. in contrast, after 4 and 8 weeks of pioglitazone treatment, levels of KedL and Bip/GPR78 expression were reduced compared to those without pioglitazone treatment. these results suggest that the eRai fluorescence activity of this model is correlated with the eR stress status. on the other hands, eRai fluorescence activity was not observed in the fat after the hF/hs diet treatment. these taken together, pioglitazone treatment suppresses eR stress in the liver and the reduction of eR stress may explain, at least in part, the pharmacological effects of pioglitazone to reduce insulin resistance and that the eRai transgenic mice are useful for evaluating the effects of various reagents on in vivo eR stress, especially in the liver.
FFa and triglyceride after pioglitazone treatment were lower compared to those without pioglitazone treatment. in contrast, serum adiponectin levels after pioglitazone treatment were higher compared to those without the treatment (Fig. 4c) . therefore, we think it is possible that decreased levels of serum FFas and triglycerides and increased levels of serum adiponection influenced the reduction of ER stress in the liver.
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